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Actin stress ﬁbers (SFs) running across the top surface of the nucleus in vascular smooth muscle
cells were dissected using laser nano-dissection technique to release its pretension, and the dynamic
behavior of SFs, nucleus, and intranuclear DNA were investigated. SFs shortened across the top sur-
face of the nuclei after their dissection. The nuclei moved in the direction of SF retraction, and
showed marked local deformation, indicating that SFs ﬁrmly connected to the nuclear surface.
Intranuclear DNA located near and around the dissected SFs disappeared and their distribution
changed markedly. These ﬁndings suggest that SFs stabilize the position of intranuclear chromatin
through mechanical connection with the nucleus. The tension of SFs may be transmitted mechan-
ically to the nucleus inducing conformational changes of intranuclear chromatin.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Actin stress ﬁbers (SFs) play important roles in various cellular
events including cell proliferation [1], differentiation [2], apoptosis
[3] and gene expression [4]. SFs generate intracellular tension
through actomyosin activation, and contribute to physical interac-
tions between cells and extracellular matrices via focal adhesions.
SFs also determine the mechanical properties [5–7] and shape sta-
bility of cells [8], and play pivotal roles in the process of intracellu-
lar mechanotransduction [9,10]. It is commonly known that a
physical force applied to a cell surface distorts the cell membrane
and then quickly dissipates into the cytoplasm [11]. Thus, it has
generally been assumed that the main process of mechanotrans-
duction occurs exclusively near the cell surface [12]. On the other
hand, it has recently been suggested that cytoskeletons have the
potential to interact with nuclei via certain nuclear membrane pro-
teins such as SUN/KASH domain proteins [13–15], and the
mechanical forces that are exerted on surface adhesion receptors
may be transmitted along cytoskeletons and be concentrated at
distant sites in the cytoplasm and nucleus [16]. We previously
found that intracellular nuclei were compressed by forces gener-
ated by SFs, and that these forces resulted in changes in thechemical Societies. Published by E
tute of Technology, Omohi
pan. Fax: +81 52 735 5477
o).
gayama), takeo@nitech.ac.jpthree-dimensional morphology of nuclei depending on the intra-
cellular tension exerted by the SFs [17]. However, it remains un-
clear at this stage whether SFs are involved in a mechanical
interaction with the nucleus, and their internal forces are transmit-
ted directly to the nucleus and inﬂuence the intranuclear DNA.
In order to clarify these issues, we observed the dynamic behav-
ior of the nucleus and intranuclear DNA during dissection of SFs in
adherent vascular smooth muscle cells using a laboratory-built la-
ser nanoscissor, and investigated the mechanical interaction be-
tween SFs and the nucleus, and its effect on intranuclear
chromatin.2. Materials and Methods
2.1. Cell culture
A7r5 rat embryonic aortic smooth muscle cell lines (SMCs; CRL-
1444, ATCC) were used as the test model. SMCs were grown in Dul-
becco’s Modiﬁed Eagle’s Medium (Invitrogen) supplemented with
10% fetal bovine serum (JRH Bioscience, USA), penicillin
(100 unit/ml) and streptomycin (100 lg/ml) (Sigma) at 37 C in
5% CO2 and 95% air. Cells were passaged repeatedly at a 1:4 split
ratio when they reached 80% conﬂuence. SMCs were seeded onto
glass-bottomed culture dishes (GD-0400, Ina-optica, Japan) coated
with ﬁbronectin (100 mg/ml, Sigma) under sparse conditions
(30 cells/mm2), and cultured for over 24 h until they spread fully
and typical SFs were developed.lsevier B.V. All rights reserved.
Fig. 1. Fluorescent images of SFs and a nucleus before (A, C) and after (B, D) laser nano-dissection of a single SF, and changes in the normalized length of dissected SFs (E).
White and black arrowheads in (A, B) indicate the dissection point of the SF and one of the dissected ends of the SF, respectively. The other end moved away from the image
area. The merged image (F) (red, before SF dissection; green, after SF dissection) indicates that the nucleus moved in the direction of SF retraction following SF dissection. Bar
= 10 lm.
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To observe the dynamic behavior of SFs, GFP-actin baculovirus
expression vector (CellLight™ Actin-GFP BacMam 2.0, Invitrogen)
was transfected into SMCs according to the manufacturer’s proto-
col. Cells were cultured for over 16 h to examine GFP-actin expres-
sion, and then treated with medium containing Hoechst 33342
(16 lM, Molecular Probes) for 5 min to visualize nuclear DNA prior
to the experiments.
2.3. Observation of nuclear behavior during laser dissection of SFs
SMCs with ﬂuorescently labeled SFs and nuclei were set on the
stage of an inverted microscope equipped with a differential inter-
ference contrast (DIC) optical system (IX71, Olympus) and motor-
ized XYZ stages (ProScan H117, Prior). A dish was kept at 37 C
with a temperature controller (MATS-55 R, Tokai Hit, Shizuoka, Ja-
pan), and was also covered with a laboratory-made acrylic test
chamber to prevent evaporation of the medium and to maintain
the humidity of the test section. The microscope was combined
with a laboratory-built laser nanoscissor system equipped with
an ultraviolet pulsed laser with wavelength and pulse width of
355-nm and 400-ps, respectively (FTSS355-Q1, CryLaS GmbH).
The laser beam was focused onto the intracellular target using a
100 oil immersion objective lens (NA = 1.4, UPLSAPO, Olympus)
to produce subcellular material ablation at <1 lm precision, and
the objective was also used for real-time imaging. First we ob-
tained the whole cell images of target SMCs to conform the initial
length of SFs. Then, a single SF running across the top surface of the
nucleus was cut by irradiation from the pulsed laser for 1 s at a
repetition rate of 10-Hz (<10 nJ). The dynamic behavior of the dis-
sected SF was then observed using an electron multiplying CCD
camera (C9100-12, Hamamatsu Photonics) for 5 min. Image slices
of the nucleus were collected in the range of the thickness of the
nucleus (10 lm) at a 1-lm interval using the motorized stages,and reconstructed to a plane image using the maximum intensity
projection method provided by image analysis software (NIS- Ele-
ments, Nikon) immediately prior to and 5 min after SF dissection.
Images of the SFs and nucleus were also corrected for several
10 min to investigate the reorganization of the dissected SFs and
intranuclear DNA. In some cases, SMCs contracted and their area
decreased signiﬁcantly following SF dissection that may have been
due to disruption of the cell membrane with irradiation. Thus we
omitted the data of SMCs whose area decrease was more than 5%
in the following analysis. We also conﬁrmed that the side effects
of the laser pulse on the distribution of DNA were negligible in this
study.
2.4. Analysis of dynamic behavior of SFs and nuclei
Following each experiment, the dissected SFs in the captured
images were traced manually, and SF retraction direction hSF and
change in length DL were measured two-dimensionally using im-
age analysis software (ImageJ, NIH). The outline of the nucleus in
the projected images was also traced to determine the nuclear cen-
troid. The direction of the displacement of the nuclear centroid hNuc
and associated displacement vectors were then analyzed and com-
pared with hSF. We also investigated changes in the distribution of
intranuclear DNA prior to and following SF dissection: we set the
region of interest (ROI) over the images of nuclei, measured the
average ﬂuorescent intensity distribution of SFs and DNA in the
direction perpendicular to the target SFs in the ROI, and compared
these in an effort to determine the correlation with respect to their
location.
2.5. Data analysis
Data were expressed as mean ± SD. Statistically signiﬁcant dif-
ferences were analyzed by the Student’s paired and unpaired t-test
and were considered signiﬁcant when P < 0.05.
Fig. 2. Fluorescent images of SFs and a nucleus before (A and C) and after (B and D) laser nano-dissection of a single SF. White and black arrowheads in (A and B) indicate the
dissection point of the SF and the dissected ends of the SF, respectively. Note that although the region of the nucleus beneath the dissected SF is markedly deformed (large
arrow), other regions are not deformed signiﬁcantly (small arrows). Scale bar = 10 lm. The projected area of the nucleus also decreased signiﬁcantly following SF dissection (E).
Fig. 3. Displacement of the nucleus following the dissection of SFs located over the top surface of the nucleus and those located away from the nucleus (A). Relation between
the displacement direction of the nuclear centroid hNuc and the retraction direction of the SF on the nucleus SFh (B) of SFs located over and away from the nucleus. Distribution
of the displacement vectors of nuclei with respect to the retraction direction of the dissected SFs (C).
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Thick dorsal SFs running across the top surface of the nucleus
were clearly observed in SMCs (Fig. 1(A)). SFs shortened across
the top surface of nucleus immediately after dissection (Fig. 1(A
and B)), and SF length decreased to less than half of the original
length within 5 min (Fig. 1(E)). SF retraction showed viscoelastic
behavior. In order to quantify this behavior, we ﬁtted the curve
of the normalized SF length L to the exponential function
L = 1  a (1  exp(t/s)), where a and s represent the retraction
ratio and time constant, respectively. These retraction parameters
were estimated as a = 67 ± 24% and s = 93 ± 50 s (mean ± SD,
n = 13). Such viscoelastic retraction was also observed with the la-
ser dissection of ventral SFs in endothelial cells [18], and epithelial
cells and ﬁbroblasts [19]. However, in these previous studies, the
retraction of ventral SFs was completed faster (s < 20 s) and the
retraction was only 20%. The retraction of ventral SFs was re-
stricted to the proximity of the dissection point, indicating that
ventral SFs were attached to the substrate at various adhesion sites
[19]. In contrast, we cut dorsal SFs located over the top surface of
the nucleus, which may be attached to the substrate only at both
ends with focal adhesions, thus accounting for the marked retrac-
tion of dorsal SFs. Retraction of the dissected SFs in this study was
relatively slow, since they may be attached to the top surface of theFig. 4. Fluorescent images of SFs (A and D) and intranuclear DNA (B and E) before (A and
dashed rectangle areas in B and E (C and F, respectively). Arrows in C indicate that clusters
the dissection points of the SF and the black arrowhead in D indicates one of the disse
intensity distribution of SFs and DNA in the areas C and F is shown in G and H, respec
distribution in the direction perpendicular to the target SFs. The black and red arrow
Bar = 10 lm.nucleus, and their strain energy might be consumed with the
movement and deformation of the nucleus. It has been pointed
out that intracellular SFs depolymerize upon release of their pre-
tension [20,21]. Thus, the slow retraction of dorsal SFs observed
in this study may not only be attributed to mechanical retraction,
but also to partial depolymerization.
Nuclei also moved following SF dissection (Fig. 1(F)), and some
nuclei showed marked local deformation (Fig. 2(D), large arrow
and movie S1 in Supplementary data). The projected area of the
nucleus decreased signiﬁcantly following SF dissection (Fig. 2(E)).
It has been reported that cell height at the nucleus region de-
creased and increased following contractile activation and disrup-
tion, respectively, of SFs [17,22]. These studies indicate that nuclei
in adherent spread cells on the substrate had been compressed ver-
tically by internal forces arisen from SFs. The decrease in nuclear
area observed in this study might have resulted from a release of
compressive forces applied to the nucleus following SFs dissection.
The nuclear displacement following dissection of a single SF was
estimated to be 2.8 ± 2.0 lm (mean ± SD, n = 13, Fig. 3(A)) and a sig-
niﬁcant positive correlation was observed between hSF and hNuc
(Fig. 3(B), ﬁlled symbols). In contrast, when SFs located away from
the nucleus were dissected, nuclear displacement was only slight
(Fig. 3(A) and movie S2 in Supplementary data) and the correlation
between hSF and hNuc disappeared (Fig. 3(B), empty symbols).B) and 1 min after (D and E) SF dissection of a cell, showing higher magniﬁcations in
of DNA were located along the SFs over the nucleus. White arrowheads in A indicate
cted ends of the SF. The other ends moved away from the image area. Fluorescent
tively. The intensities were averaged in the horizontal direction and shown as the
heads indicate the peak intensity of dissected SFs and the nucleus, respectively.
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direction was closer to that of SF retraction (Fig. 3(C)). Furthermore,
it was sometimes observed that the region of the nucleus beneath
the dissected SF became markedly deformed, while other regions
were not deformed signiﬁcantly (Figs. 2(D) and S1 in Supplemen-
tary data). Thus, some of the SFs located over the nucleus were
attached mechanically to the nuclear surface, and these may be
responsible for generating the local deformation of the nuclear
envelope. A recent study reported that the shape of the nucleus
was regulated by a dome-like actin cap that covers the top of the
nucleus [23]. This actin cap is connected to the nuclear envelope
through the linker of nucleoskeleton and cytoskeleton (LINC)
complex. Luxton et al [24] found that speciﬁc arrays of outer (KASH
domain) and inner (SUN domain) nuclear membrane proteins
assemble on and move with retrograde moving dorsal actin cables
during nuclear movement in ﬁbroblasts. It was also suggested that
these arrays comprising nuclear membrane proteins may form to
functionally harness the force of retrograde actin ﬂow for nuclear
movement. In this study, we sometimes observed that top surface
of nucleus was partly dented with SFs (Fig. S2 in Supplementary
data). We also observed the line-like structures of nesprin 1 which
may tether the outer nuclear membrane to the actin cytoskeleton
[16] on the top surface of nucleus along SFs in SMCs (Fig. S3 in
Supplementary data). These reports and the results of our study
strongly suggested that dorsal SFs located over the nucleus in SMCs
compress the nuclear surface physically and they are also ﬁrmly
connected to nuclear surface with outer nuclear membraneFig. 5. Fluorescent images of SFs and nucleus (left and middle columns) and change in ﬂu
distribution was measured in the dashed rectangle area in the nucleus. In the left colum
respectively (The dissection point is outside the image area). In the right column, black a
respectively. Bar = 10 lm.proteins. These interaction between SFs and nucleus may stabilize
the intracellular position of the nucleus, and that the contractile
force of a single SF signiﬁcantly affects nuclear movement in SMCs
(Fig. S4 in Supplementary data).
Another point of interest is that a line-like concentration of
intranuclear DNA along SFs was often observed near the upper sur-
face of the nuclear envelope (Fig. 4(A–C)). Fluorescence-intensity
distribution analysis revealed the structure of the DNA localized
at both sides of the SFs (Fig. 4(G), red arrowheads). These linear
structures of DNA disappeared and changed markedly following
the dissection and retraction of SFs (Fig. 4(D–F and H)). These
remodeling of DNA were also observed following disruption of dor-
sal SFs with cytochalsin D (2 lg/ml) which inhibits actin ﬁlament
polymerization (Fig. S5 in Supplementary data). However these
remodeling of DNA did not occur in some cases because these
may be inﬂuenced by the cell cycle. Interestingly, when these cells
were left out for several tens of minutes following SF dissection,
the dissected SFs had reorganized in some cases (in 6 out of 28
cells): some thin SFs were gradually recruited onto the top surface
of the nucleus and had reorganized near their original location
(Fig. 5, yellow arrowheads in left column). Intranuclear DNA aggre-
gated dynamically around the reorganized SFs and aligned in the
direction of the ﬁbers (Fig. 5, dashed rectangle areas in center
column). Speciﬁc linear arrays of cytoplasmic actin cables and
SUN-KASH domain nuclear membrane proteins have recently
been observed in polarizing ﬁbroblasts [24]. In both yeast and
amoeba, intranuclear chromatin interacts with the microtubuleorescent intensity distribution (right column) during SF reconstitution. The intensity
n, white and yellow arrowheads indicate the dissected SFs and reconstituting SF,
nd red arrowheads indicate the peak intensity of dissected SFs and perinuclear DNA,
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interactions between perinuclear chromatin and cytoskeleton
may exist in mammalian cells. The dynamic realignment of DNA
along the reorganized SFs observed in this study may be due to
interactions between SFs and perinuclear chromatin in SMCs. This
interaction seems to play a role in the stabilization and positional
memory of chromatin in the nucleus. There are two types of
chromatin: relatively decondensed euchromatin with high tran-
scriptional activity, and condensed heterochromatin with low
transcriptional activity located near nuclear lamina [25]. Some
domains of heterochromatin contain mainly silenced genes that
have the potential to be converted to transcribed euchromatin.
This type of conversion of condensed heterochromatin may be
achieved by direct force transmission from SFs to the nucleus,
thereby affecting gene expression and DNA replication in SMCs.
Further investigations are ongoing in our laboratory for the
conﬁrmation of this notion.Acknowledgements
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